The long interspersed nuclear element 
site-specific LINE-like element found in the insect trypanosomatid Crithidia fasciculata. A chimeric gene fusing the yeast retrotransposon Tyl and the CREI open reading frame is constructed and then overexpressed in yeast. Fusion proteins are packaged into virus-like particles, which can be partially purified and directly analyzed for enzymatic activity. Here we demonstrate that CREI encodes an RNA-directed DNA polymerase. These data provide direct biochemical evidence that this widely distributed class of retrotransposons encodes reverse transcriptase and sets the stage for a detailed understanding of the mechanisms involved in LINE-like element transposition.
An increasingly large number of genetic elements with deduced amino acid sequences similar to retroviral reverse transcriptases (RTs) have been characterized from diverse organisms and classified into discrete families based on phylogenetic analysis of their protein-coding domains (1) (2) (3) . Because many such elements are capable of transposition, resulting in mutant host phenotypes, the mechanisms responsible for their replication are of fundamental interest. For example, Ty), a long terminal repeat (LTR)-containing retrotransposon of the yeast Saccharomyces cerevisiae, uses a replicative transposition strategy with striking parallels to retroviral replication (4 (Fig. 1A) . The major translation products include the TYA protein as well as a TYA-TYB fusion protein resulting from a specific + 1 translational frameshift event. The Ty) translation products, along with full-length Ty) RNA, are coassembled into virus-like particles (VLPs). Both proteolytic processing of the fusion protein and reverse transcription of the RNA template are believed to occur within these particles (6) (7) (8) (9) . A similar mechanism presumably applies to other LTR-containing retrotransposons based on the presence of LTRs, primerbinding sites, and sequence homology to retroviral RTs (10) .
Long interspersed nuclear element (LINE)-like elements are a loosely related family of structurally similar dispersed multicopy sequences identified in mammals, insects, plants, and protozoa. Mammalian LINE elements, present in up to 100,000 copies per cell, compose a small percentage of the entire genome. In addition to limited amino acid sequence homology to RT, this family of elements shares target-site duplications, 3 ' poly(A) tracts, and the absence of LTRs (11) . Members of the family are associated with important genetic phenomena. New insertions of human LINE sequences have been seen in individual cases of hemophilia A (12) and breast cancer (13) . Drosophila I factor causes a form of hybrid dysgenesis and sterility in susceptible stocks due, at least in part, to the mutagenic effect of transposon insertions (14) . A subclass of LINE-like elements, including insect RI and R2 elements (15) , Crithidia retrotransposable element I (CREI) from Crithidia fasciculata (5) , and a related element from Trypanosoma brucei (16) , inserts site-specifically within tandemly repeated genes.
The transposition mechanisms of these elements remain unknown but, in the absence of LTRs, must differ significantly from retroviruses and LTR-containing retrotransposons. In fact, designating this class of elements as retrotransposons has been based on the assumption that a functional RT synthetic complete medium lacking uracil (20) . Construction of the pGTyl-H3 parent plasmid (pJEF724) has been described (6) . The chimeric genes were constructed by digesting pGTyl-H3 with Sal I and then ligating the larger Sal I fragment either intramolecularly to give pGTyASal or to a 2.94-kilobase (kb) Sal I fragment derived from the CREIcontaining plasmid p4kb2.2 (5) to give pGTyCRE. The 3' Sal I site in the CRE1 fragment is contributed by the pUC18 polylinker downstream of CREI in p4kb2.2. The Asp --Ile site-directed mutant was constructed by the method of Kunkel (21) with the mutagenic oligonucleotide AG32 (5'-CGCGAGGGTGATGATATCGATGTAGGCCGT-3'), corresponding to nucleotides 2376-2405 in CREI (5), except for three mismatches that create the missense mutation and an additional EcoRV site.
VLP Preparation. These methods are modifications of described procedures for VLP purification (8, 22, 23) . Transformed yeast cells (500 ml at an OD6w of0.3-0.6) were grown at 30°C for 6 hr in synthetic complete medium lacking uracil containing 1% raffinose as the sole carbon source, followed by growth at 25°C for 18 hr after galactose addition to 2%. Cells were pelleted, washed once in H20, and resuspended in ice-cold buffer B/EDTA (15 mM KCI/10 mM Hepes, pH 7.8/5 mM EDTA) containing 3 mM dithiothreitol and 2 mM phenylmethylsulfonyl fluoride. All subsequent steps were done on ice or at 4°C. Cells were broken (>90%) by mixing for three 5-min pulses on a VWR multivortexer in the presence of glass beads, and a crude extract was prepared from the broken cell contents after centrifugation for 10 min at 10,000 rpm in a Sorvall SA600 rotor. The recovered supernatant was loaded on top of a step gradient consisting of 20%o/30%o/70% sucrose in buffer B/EDTA (20 ml/5 ml/5 ml) and centrifuged for 150 min at 25,000 rpm in a Beckman SW28 rotor; 1.2-ml fractions were collected. Fractions from the 30%o/70% interface were pooled, dialyzed in 8-ml cobodion bags (Schleicher & Schuell, cut off-75 kDa) against 100 vol of buffer B/EDTA for 1-2 hr, bringing the density below that of 20%o sucrose. The pooled, dialyzed fractions were loaded onto a linear 20-50o sucrose gradient in buffer (Fig. 1B) . RT assay conditions were as described (8 To circumvent these potential problems, we developed a strategy for detecting CRE) RT activity in which the CREI translation product was packaged, as a fusion protein, into Ty) VLPs. A large portion of the CRE) ORF, including the RT homology domain, was fused, in frame, just downstream of the protease domain of the TYB gene in the functional, plasmid-based Ty)-H3 element. Thus CREI sequences replaced the Ty)-encoded integrase, RT, and putative RNase H domains. As a negative control, a derivative of the parent plasmid was constructed in which the TYB gene downstream of the protease domain was simply deleted (Fig. 1C) . Expression of the parent plasmid (pGTyl-H3), the chimeric Ty)-CRE) construct (pGTyCRE), as well as the deletion control (pGTyASal) was regulated by the GAL) gene promoter. Upon galactose induction, high levels of Ty) VLPs accumulated in the transformants. After partial purification of VLPs by centrifugation through sucrose gradients, RT A potential problem with this approach is that all yeast strains harbor 20-50 copies of Ty) and Ty2, many of which are transcriptionally active. A background level of RT activity due to these endogenous Ty genes might confound interpretation of the Ty-GRE results. To avoid this complication, the plasmids were transformed into a yeast strain carrying an spt3 mutation, in which normal transcription of endogenous copies of Ty) and Ty2 does not occur (4, 26) . The amount of full-length Ty) mRNA derived from normal Ty) LTR promoters is reduced 10-20 fold in these strains. The GAL)-driven Ty) elements (and Ty)-GRE) fusion) are expressed normally, however (27) .
Properties and Products of the RT Activity Associated with Ty-CREI VLPs. As an initial demonstration of RT activity in chimeric VLPs, we assayed fractions from linear 20-50%o sucrose gradients that had been loaded with cytoplasmic material sedimenting at the 30%/70% interface of a prior sucrose-step gradient. Fig. 2 demonstrates that a CRE)-associated activity sediments at approximately the same velocity as Tyl-encoded RT activity, which is known to be associated with Ty) VLPs (8, 22) . Under identical purification conditions, particles made by overexpression of the TYA-TYB(protease) regions alone, using the control construct pGTyASal (Fig. 1B) , have no associated RT activity. Determination of the area under the activity curves in Fig. 2 shows that the Ty-CRE) VLPs have =40% of the activity of Ty) VLPs, using conditions optimized for Ty) RT.
To characterize the enzymatic properties of the CRE) To visualize the products of the RT reaction, we electrophoretically separated the reaction products of the ddXTP titration (Fig. 3) ; a ladder of extension products ranging into the hundreds of nucleotides is seen. In the presence of increased amounts of the appropriate ddXTP, both a progressive decrease in size and a decrease in band intensity are seen.
Detection of Ty-CRE Fusion Protein. To detect the fusion proteins associated with overexpression of the plasmid constructs, we stained electrophoretically separated partially purified preparations of VLPs (Fig. 4A) . Although silver stain detects many proteins, few are present in the size range expected for the fusion proteins (180-200 kDa). These include full-length TYA-TYB fusion protein at 195 kDa (lane 2), as well as a band migrating at -180 kDa (predicted molecular size of the TyJ-CREJ fusion protein is 172 kDa) seen only in VLPs derived from pGTyCRE transformants (lane 3).
The identity of the putative protein bands was confirmed by analysis of a duplicate protein gel transferred to nitrocellulose and incubated with a polyclonal antiserum raised against TyJ particles (Fig. 4B, arrowhead in lanes 2 and 3) corresponding in size to the expected fusion proteins produced by TYA-TYB frameshifting. TYA is present in both a 58-kDa (precursor) and 54-kDa (processed) form (arrows in Fig. 4B ). Although the TYA proteins are the most intensely staining bands seen with either anti-VLP antiserum (Fig. 4B, arrows) or Coomassie stain (data not shown), they are negatively stained by this silver stain preparation and consequently not apparent in Fig. 4A . Identities of the other Ty-related bands in Fig. 4B are unknown.
construct lack detectable RT activity, using either oligo(dT)/ poly(rA) or oligo(dG)/poly(rC) ( Table 3) .
To demonstrate that the absence of RT activity associated with the D--I mutation is not due to instability of the derived fusion protein, we compared the VLP proteins from the mutant construct with those from the wild-type pGTyCRE construct (Fig. 4, lanes 3 vs. 4 ). Approximately equal quantities of total protein were loaded in both lanes. Bands of almost identical molecular mass and intensity are apparent by staining and immunoblotting. This result indicates that the amino acid substitution affects the activity of the fusion protein rather than its synthesis or stability.
DISCUSSION
In this work we have expressed a portion of the CREJ ORF as a TYA-TYB(protease)-CRE1 fusion protein, targeted it to Ty] VLPs, and detected an associated RT activity. This result provides direct evidence that a LINE-like element encodes a functional RT and, therefore, provides the strongest biochemical support for models of LINE-like element (17, 18) , it appears that LINE-like elements encode the means for their own retrotransposition.
Several lines of evidence support our conclusions that the observed activity results from expression of the trypanosome gene and that the activity is due to an RNA-directed DNA polymerase. When expression of the TYA-TYB(protease)-CREJ chimera is induced, a protein of predicted size is synthesized in yeast and found associated with VLPs. Although it is likely that the observed fusion protein is the enzymatically active moiety, given that protease mutants of both Ty) (30) and retroviruses (31) have been shown to retain in vitro RT activity in the absence of proteolytic processing of either TYA/TYB or gag/pol fusion proteins, respectively, our data do not demonstrate this point conclusively. The polymerase activity associated with the particles is both primer-and template-dependent and differs significantly from Ty) RT in pH optimum as well as ddXTP sensitivity. The products of the reaction have been visualized and shown to extend to several hundred nucleotides. The strongest evidence that the RT activity derives from the chimeric gene is the observation that a single amino acid substitution within the absolutely conserved RT consensus domain (Tyr/PheXaa-Asp-Asp) is sufficient to completely eliminate the activity, despite the fact that the fusion protein is still synthesized in stable form.
The finding that CREI RT activity is strongly stimulated by pretreatment of VLPs with micrococcal nuclease suggests that the RT is tightly complexed with VLP nucleic acids. Because Ty-CREJ mRNA is packaged into VLPs (data not shown), a specific association between the CRE) RT and its own mRNA is conceivable and might explain how, in its natural setting, the enzyme might specifically recognize its own mRNA as the appropriate retrotransposition template. The association between CRE) RT and nucleic acid is reminiscent ofthe hepadnavirus RTs, which are thought to be able to carry out only an endogenous reaction and unable to utilize exogenous primer/templates (32, 33) [although two studies dispute this (34, 35) ]. Evidence suggests that the hepadnavirus RT is tightly bound to its endogenous primer/ template (a gapped duplex circular DNA). Perhaps if hepadnavirus RT were expressed using our system, its activity could be studied with exogenous substrates.
Expression of a foreign protein as a fusion with TYB has been used to demonstrate that translational frameshifting occurs between TYA and TYB (36, 37) . The approach used here for expressing the CREI RT, however, takes advantage of both the ability of the fusion protein to be packaged into VLPs, where it is potentially sequestered and protected from degradation by cellular proteases, as well as the ability to enrich for VLPs by overexpression and fractionation. This strategy may, therefore, be useful in the study of other enzymatic activities that are difficult to express and may be equally applicable to targeting proteins into retroviral particles (38, 39) . We have used a similar approach to target enzymatically active nucleases to VLPs (40) . This approach can be contrasted to that proposed for vaccine development in which foreign antigens (e.g., human immunodeficiency virus type 1 env) are expressed in-frame with TYA (41) and presumably are expressed on the surface of VLPs.
